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The talk contains a brief introduction string theory, followed by a discussion of some of the recent developments. 



This talk will begin with a brief review of pre- 
1994 string theory. Then I shall describe the de- 
veloments during 1994-1996 which include dual- 
ity symmetries, D-branes and black holes. Fi- 
nally I shall turn to the discussion of some of the 
developments during 1997-2000. The topics cov- 
ered will include (M)atrix theory, Maldacena con- 
jecture, non-commutative geometry, tachyon con- 
densation, special limits of string theory in which 
gravity decouples (little string theories, OM the- 
ory etc.) and large radius compactification. This 
however is not an exhaustive review of string the- 
ory. Indeed, many of the important developments 
in this subject, like mirror symmetry, new ideas 
about cosmological constant, etc. will be left out 
of this review. I shall work in the convention 
?i = l,c= 1. 



1. String theory: pre-1994 

As we all know, quantum field theory has been 
extremely successful in providing a description of 
elementary particles and their interactions. How- 
ever, it does not work so well for gravity. The rea- 
son for this is ultraviolet divergences. In partic- 
ular Feynman graphs involving gravitons, of the 
type shown in Figj^, give divergent answers which 
cannot be made finite by standard renormaliza- 
tion procedure. String theory is an attempt to 
solve this problem. 

The basic idea in string theory is quite sim- 
ple ||l|,||. According to this theory, different ele- 
mentary particles which we observe in nature are 
different vibrational states of a one dimensional 
object, i.e. a string. In other words, instead of 
having different kinds of elementary particles, we 



Figure 1. Ultraviolet divergent graphs in quan- 
tum gravity. 



have only one kind of string, and the differences 
in the observed properties of elementary particles 
arise because they correspond to different quan- 
tum states of this string. Strings can be closed 
with no ends or open with suitable boundary con- 
dition at the two ends, as shown in Fig.^. 

At the first sight, this would seem to contra- 
dict what we know about elementary particles like 
electrons and quarks: they behave like particles 
rather than one dimensional objects. However, 
when one estimates the typical size of a string, 
one finds that this size is of the order of lO'^'^cm 
(10^^G'ey)~^J3 This is much smaller than the 
distance scale which can be probed by present day 
accelerators. Thus there is no immediate contra- 
diction with experiments, since strings of such a 
small size will appear point-like in present day 
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^This size is controlled by the energy per unit length of 
the string, known as the string tension, which, in turn, 
is determined from the observed value of the Newton's 
constant of gravitation. As we shall see later, large radius 
compactification can drastically change the estimate of the 
string size, but it is still smaller than the distance scale 
that can be probed by current accelerators. 



Figure 2. Different vibrational modes of closed 
and open strings. 



experiments. 

There is a well defined procedure for quantizing 
a string without violating Lorentz invariance. It 
turns out that 

• Quantum string theories do not suffer from 
any ultraviolet divergence. 

• Spectrum of a string theory contains a par- 
ticle which has all the properties of a gravi- 
ton — the mediator of gravitational interac- 
tions. 

Thus string theory gives a finite quantum theory 
of gravity + other stuff. 

There are however several problems with string 
theory. They are as follows: 

• String theory is consistent only in (9-1-1) di- 
mensional space-time instead of the (3-1-1) 
dimensional space-time in which we seem to 
live. 

• Instead of a single consistent string theory, 
there are five consistent string theories in 
(94-1) dimensions. They are called type 
IIA, type IIB, type I, SO(32) heterotic, and 
Eg X Eg heterotic string theories. On the 
other hand it is desirable that we have a 
single theory, as there is only one nature 
which string theory attempts to describe. 

It turns out that the first problem is resolved via 
a procedure called compactification. The second 



Figure 3. Compactification of a two dimensional 
theory to a one dimensional theory. 



problem is partially resolved due to a property of 
string theory called duahty; this will be discussed 
in the next section. 

I shall now briefly discuss the idea of com- 
pactification. The idea in fact is quite simple: 
take 6 of the 9 spatial directions to be small 
and compact. As long as the sizes of the com- 
pact directions are smaller than the reach of the 
present day accelerators, the world will appear to 
be (3-1-1) dimensional. Since it is hard to draw 
a 9-dimensional space, a caricature of compact- 
ification has been shown in FigJ^ which demon- 
strates how a 2-dimensional space can be made 
to look like a one dimensional space. Here we 
take the two dimensional space to be the surface 
of a cylinder of radius R and infinite length. For 
large R (larger than the range of the most power- 
ful telescope) the space will look like an ordinary 
two dimensional space of infinite extent in all di- 
rections, whereas for small R (smaller than the 
resolution of the most powerful microscope) the 
space will look one dimensional. This way an in- 
trinsically two dimensional space can be made to 
look one dimensional. The same idea works in 
making an intrinsically 9 dimensional space look 
3 dimensional. 

It turns out that not all six dimensional com- 
pact manifolds can be used for this purpose, but 
there are many choices. A particularly impor- 
tant class of six dimensional manifolds, which can 
be used for string compactification, are known as 
Calabi-Yau manifolds. Thus each string theory 
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is (9+1) dimensions gives rise to many different 
string theories in (3+1) dimensions after com- 
pactification. Some of these theories come tan- 
tahzingly close to the observed universe j^]. In 
particular, they have: 

• Gauge group containing SU{3) x SU{2) x 
U{1) 

• Chiral fermions 

• Three generations of quarks and leptons 

• N=l supersymmetry 

etc. However, so far nobody has found a suit- 
able compactification scheme which gives results 
in complete quantitative agreement with the ob- 
served universe (including masses of various ele- 
mentary particles). 

2. String Theory: 1994-1996 

2.1. Duality in String Theory 

Existence of duality symmetries in string the- 
ory started out as a conjecture and still remains 
a conjecture. However so many non-trivial tests 
of these conjectures have been performed by now 
that most people in the field are convinced of the 
vahdity of these conjectures||-||]. 

A duality conjecture is a statement of equiv- 
alence between two or more apparently different 
string theories. Two of the most important fea- 
tures of a duality relation are as follows: 

• Under a duality map, often an elementary 
particle in one string theory gets mapped to 
a composite particle in a dual string theory 
and vice versa. Thus classification of par- 
ticles into elementary and composite loses 
significance as it depends on which partic- 
ular theory we use to describe the system. 

• Duality often relates a weakly coupled the- 
ory to a strongly coupled theory. If we de- 
note by g and g the coupling constants in 
the two theories related by the duality map, 
then often there is a simple relation between 
them of the form: 

5-(5)-^ (2.1) 

Thus a perturbation expansion in g con- 
tains information about non-perturbative 



effects in 'g in the dual theory. In partic- 
ular, tree level (classical) results in one the- 
ory is given by the sum of perturbative and 
non-perturbative results in the dual theory. 

From this it should be clear that duality is a prop- 
erty of the quantum string theory and not its clas- 
sical limit. 

I shall now give some examples of duality: 

• SO (32) heterotic string theory has been 
found to be dual to type I string theory in 
(9+1) dimensions. 

• SO(32) (as well as x E%) heterotic string 
theory compactified on a four dimensional 
torus T** has been found to be dual to type 
IIA string theory compactified on a non- 
trivial four dimensional compact manifold 
called Ki. 

• Type IIB string theory has been found to 
be self dual, i. e. the theory at coupling con- 
stant g has been found to be equivalent to 
the same theory with coupling constant 1 / g. 

• The SO(32) (as well as x E^) heterotic 
string theory, compactified on a six dimen- 
sional torus T^, has been found to be self- 
dual in the same sense. 

Since duality relates different compactifications 
of different string theories, it provides us with a 
unified picture of all string theories. According 
to our new understanding based on duality, there 
is a single underlying theory — which I shall call 
the {/-theory — with many degenerate vacua la- 
belled by a set of parameters. Fig. ^ gives a 
schematic representation of this parameter space. 
In some special limits, the JJ-theory can be de- 
scribed by one of the (compactified) weakly cou- 
pled string theories. These special regions have 
been shaded in the figure. The rest of the re- 
gions represent string theories at finite / strong 
coupling. Note that besides the five corners la- 
belling five weakly coupled string theories, there 
is another corner called M . This turns out to be 
a (10+1) dimensional theory, whose low energy 
limit is the (10+1) dimensional supergravity the- 
ory jl^,^,|ll|]. Often people use the same symbol 
M to describe this special corner as well as the 
whole region of the parameter space, but I shall 
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Figure 4. The parameter space of U/M theory. 



reserve the name M for this special corner, and 
use the symbol U for the underlying theory with 
the full parameter space. 

Thus we see that using the idea of duality, we 
can combine all string theories into a single the- 
ory, with a big parameter space. It turns out that 
these parameters themselves are dynamical, being 
related to vacuum expectation values of various 
fields. The ultimate dream of a string theorist is 
that when we fully understand the dynamics of 
string theory, we shall find some dynamical prin- 
ciple which determines a unique point in this pa- 
rameter space, and that this point will correctly 
describe the nature that we see. 

2.2. D-branes 

Dirichlet(D)-branes are soliton like configura- 
tions in type IIA/IIB/I string theories [ p^ , p^ . 
However, the description of D-branes is quite dif- 
ferent from the way we normally describe a con- 
ventional soliton. To understand this distinction, 
let us review the way a conventional soliton is 
described in a quantum field theory: 

1. First we construct a time independent so- 
lution of the classical equations of motion 
with energy density localised around a p- 
dimensional spatial hypersurface. We shall 
call such a solution a p-brane soliton. Thus 
for example a 0-brane corresponds to a par- 



ticle like soliton, a 1-brane corresponds to a 
string like soliton, a 2-brane corresponds to 
a membrane like soliton and so on. 

2. Next we identify the fluctuation modes of 
various fields around this background solu- 
tion which are localised around the brane. 
These modes describe the fluctuation of the 
brane around its equilibrium position, and 
include for example oscillation modes of the 
brane in directions transverse to the brane. 

3. We then construct the {p -\- 1) dimensional 
field theory which describes the dynamics of 
these modes. (This can be derived from the 
original field theory whose soliton we are 
analysing.) This field theory describes the 
classical dynamics of the soliton solution. 

4. In order to study the quantum dynamics of 
this soliton, we quantize this field theory. 

In describing a D-brane we start from step 4 and 
work backwards. 

I shall now give explicit description of D-branes 
in type II A and type IIB string theories. Ele- 
mentary excitations in type IIA / IIB string the- 
ories are closed strings. D-p-brancs in these the- 
ories are p-dimensional soliton like objects whose 
quantum dynamics is described by the theory of 
open strings whose ends are constrained to move 
on the D-brane. This has been illustrated in 
Fig.|^. Starting from this description we can work 
backwards and derive all the properties of these 
branes. It turns out that type IIB string theory 
has stable (BPS) D-p-branes for p-odd (1, 3, 5, 7, 
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9), whereas type IIA string theory has stable D- 
p-branes for p-even (0, 2, 4, 6, 8). In particular, 
type IIB string theory contains a D9-brane which 
fills all space. For this theory one can also add 
to this list the p = —1 brane, representing a con- 
figuration that is localised not only in all space 
directions but also in the time direction. This is 
called the D-instanton. 

Under duality often elementary closed string 
states in one theory get mapped to D-brane 
states in the dual theory. Indeed, this is how 
the importance of D-branes in the study of non- 
perturbative string theory was first realised [p^. 
But since their discovery D-branes have found 
many applications in string theory. 

A particularly important property of D-branes 
is as follows [jlil . The (p+l) dimensional effective 
field theory, describing the dynamics of N coinci- 
dent D-p-branes at low energy, is a supersymmet- 
ric U(N) gauge theory with 16 supercharges. This 
is an ordinary gauge theory with a set of Majo- 
rana fermions and scalars in the adjoint represen- 
tation of the gauge group, with the Yukawa and 
scalar self-couplings determined in terms of the 
gauge coupling via specific relations. We shall 
encounter the (3-|-l)-dimensional version of this 
theory again later while discussing the Maldacena 
conjecture. 

2.3. Black Hole Entropy and Hawking Ra- 
diation 

Black holes are classical solutions of general rel- 
ativity. They can be formed from collapse of mat- 
ter under gravitational pull. Classically a black 
hole is completely black, i.e. it absorbs every- 
thing that falls in without emitting anything. But 
this picture changes significantly in the quantum 
theory. It turns out that in the quantum theory, 
black holes behave as perfect black bodies at fi- 
nite temperature proportional to the inverse mass 
of the black hole. In particular, 

• black holes emit thermal radiation known 
as Hawking radiation, and 

• a black hole carries an entropy propor- 
tional to its surface area, known as the 
Bekenstein-Hawking entropy. 

These results were derived using a semi- 
classical analysis, but there was no microscopic 



(statistical) understanding of this entropy and 
radiation in this semi-classical treatment. In 
particular, the expressions for the entropy and 
the Hawking temperature were given in terms of 
classical geometrical properties of the space-time 
around the black hole. It was as if we had the- 
modynamics without statistical mechanics. This 
led Hawking to suggest that starting with a col- 
lapsing spherical shell of matter in a pure quan- 
tum state, and letting it collapse into a black hole 
and subsequently evaporate via Hawking radia- 
tion, we can have a pure quantum state get trans- 
formed to a mixed state described by a thermal 
density matrix. Such a process violates the laws 
of quantum mechanics. 

It turns out that in string theory, for a special 
class of black holes, one can find dual descriptions 
as: 

• a classical solution of the equations of mo- 
tion, and 

• a configuration of D-branes. 

Thus for these black holes we can compute en- 
tropy and Hawking radiation in two ways: 

• Use Bekenstein and Hawking's formulae to 
compute the entropy and the rate of radia- 
tion from the classical solution. 

• Use the quantum string theory living on the 
D-brane to compute the number of quan- 
tum states N and the rate of radiation from 
the system. From this we can compute the 
entropy by taking the logarithm of the de- 
generacy N . 

These two computations give identical re- 
sult Thus this analysis provides a mi- 
croscopic explanation of the black hole entropy 
and Hawking radiation for these special class of 
black holes. It remains to be seen whether these 
results generalize to the more general black holes. 

3. String Theory: 1997-2000 

The developments in string theory during this 
period can be described as study of various as- 

^The two computations are valid in different regions of 
the parameter space, and we need to continue the result 
computed in one region to the other region by invoking 
supersymmetric non-renormalization theorems. 
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pects of (/-theory. I shall discuss some of them 
here. 

3.1. Matrix Theory 

Note that one corner of the parameter space 
of {/-theory is M-theory. M-theory is known to 
reduce to 11-dimensional supergravity theory at 
low energy. But there is no known systematic pro- 
cedure for computing corrections to this low en- 
ergy approximation. Matrix theory^^ is a pro- 
posal for defining M-theory beyond this low en- 
ergy approximation. Although I shall not describe 
the logic which led to the formulation of Matrix- 
theory, let me just state that this proposal comes 
from examining the dynamics of DO-branes in IIA 
in the appropriate limit in which it approaches 
the M-theory corner ||2l|-|2^. 

The Matrix theory proposal is as follows. Con- 
sider a scattering process in M-theory: A -f i? — > 
C + D + . . . for a set of external states A, B, C, 
D, .... Let us go to a frame in which the cen- 
tre of mass has an infinite boost. This is known 
as the infinite momentum frame. According to 
Matrix theory, M-theory in the infinite momen- 
tum frame is equivalent to a quantum mechanical 
system. The dynamical variables in this quantum 
mechanical system are NxN matrices where A'' is 
proportional to the total momentum of the origi- 
nal system. Since in the infinite momentum frame 
the total momentum of any system is infinite, we 
need to take the N ^ oo limit at the end. 

This, in principle, gives an algorithm for com- 
puting any physical quantity in M-theory by 
mapping it to an appropriate quantity in this 
quantum mechanical system. We can perform 
various consistency checks. In particular at low 
energy, scattering amplitudes computed using 
matrix quantum mechanics must agree with those 
computed from 11-dimensional supergravity. Ma- 
trix theory has passed many such tests 25|. Of 



course, in principle one should be able to use ma- 
trix theory to go beyond tree level supergravity. 
This has not been achieved so far. 

3.2. Maldacena Conjecture 

The starting point here is the study of A^ coin- 
cident D3-branes in type IIB string theory in the 
large A^ limit. In this limit the system has dual 
descriptions 

• as a solution of the classical equations of 



motion of string theory / supergravity, and 

• as a D-brane system. 

Requiring that these two descriptions are equiv- 
alent led Maldacena to the following conjec- 
ture|^: Type IIB string theory on {AdS)5 x 
is equivalent to J\f = A supersymmetric SU(N) 
gauge theory in (3+1) dimensions. 

There are several terms in the above statement 
which may not be familiar, so I shall now define 
them. is an ordinary five dimensional sphere 
of radius R defined by the equation 
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(3.1) 



where yi are the coordinates of a six dimensional 
Euclidean space. {AdS)^ is the five dimensional 
anti-de Sitter space described by the equation 

where Xi's describe a six dimensional space with 
metric 

ds^ = -{dxo f - {dxif + idx2f + (dxs)^ 

+ (dx4)^ + {dx^f . (3.3) 

It turns out that the boundary of {AdS)^ is a 
(3-f-l) dimensional Minkowski space. Often in or- 
der to make precise statements one needs to Wick 
rotate to the Euclidean version of AdS^. This is 
obtained by changing the signs of the ( xi)^ term 
in eq.(3_^) and the {dxiY term in eq.(B^). Its 
boundary is a four dimensional Euclidean space. 

Finally we need to define M — A supersym- 
metric SU(N) gauge theory. This is an ordinary 
SU(N) gauge theory with 6 scalars and 4 Majo- 
rana fermions in the adjoint representation of the 
gauge group, with specific relations between the 
gauge coupling constant and various Yukawa and 
scalar self-couplings. In particular all the Yukawa 
and scalar self-couplings are determined in terms 
of the gauge coupling. This theory turns out to be 
a conformally invariant (3+1) dimensional field 
theory, i.e. the /^-functions in this theory vanish. 

According to the Maldacena conjecture, the re- 
lation between the dimensionless parameters of 
IIB string theory on AdS^ x and supersym- 
metric SU{N) Yang-Mills theory is as follows: 



9 string — 9y M i 



R = (Angl-MN) 



1/4 



(3.4) 
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where gvM and Qstring denote the couphng con- 
stants of the A/" = 4 supersymmetric Yang-Mills 
theory and the type IIB string theory respec- 
tively, R is the radius of and AdS^, as intro- 
duced through eqs.(3.1) and ( |3.2| ), and N is the 
N of SU{N). 

We are now in a position to state the precise 

nj2i: There 



form of the Maldacena conjecture! 
is a one to one correspondence between the phys- 
ical Greens functions in type IIB string theory 
on {AdS^ X S^) and the correlation functions of 
gauge invariant operators in J\f — 4 supersym- 
metric SU(N) gauge theory on the boundary of 
{AdS)^, with the identification of the parameters 
as given in eg.(|3.4[). 



Consider now the 't Hooft large N limit | 



gvM ^0, N 



A EE gf-jv/^ fixed . (3.5) 



This gives, using eq.(p.4D 

gstring ^0, i? = (47rA)^/* fixcd . 



(3.6) 



Thus if A is large then R is large. In this limit 
the smallness of gstring implies that we can ignore 
the string loop corrections, i.e. restrict ourselves 
to string tree diagrams or classical string theory. 
The largeness of R on the other hand allows us to 
use the low energy approximation to string the- 
ory, which is type IIB supergravity theory. Thus 
in this case, quantum string theory can be ap- 
proximated by classical supergravity. 

Many other examples of this kind of relation- 
ship have been found by studying other brane sys- 
tems!^. The generic form that such a relation 
takes is that a string theory / M-theory on a man- 
ifold K is equivalent to a quantum field theory 
on the boundary of K. The precise form of this 
quantum field theory depends on the choice of K 
and the particular string theory / M -theory that 
we are using. 

There have been various applications of Mal- 
dacena conjecture, both for using supergravity / 
string theory to study strong coupling limit of 
gauge theories, and using gauge theory to study 
non-perturbative aspects of string theory. Here 
I shall discuss one application of each kind. It 
had been conjectured earlier that in a consis- 
tent quantum theory of gravity, the fundamen- 
tal degrees of freedom reside at the boundary of 
space-time and not in the interior. Furthermore, 



there is ~ 1 degree of freedom per Planck 'area'^ 
This principle is known as the holographic princi- 
ple!^,^. Maldacena conjecture provides a con- 
crete verification of the holographic principle for 
type IIB string theory on {AdS)^ x by relat- 
ing string theory on AdS^ x S"^ to a gauge the- 
ory living on its boundary. In the A/" = 4 su- 
persymmetric gauge theory described earlier, it 
is straightforward to count the total number of 
degrees of freedom after a suitable ultra-violet 
regularisation of the gauge theory. It turns out 
that this ultra-violet cut-off is related to the in- 
frared cut-off of the string theory on AdSc, x , 
so that with this cut-off in place, the boundary of 
AdS^ at a given instant of time, instead of hav- 
ing infinite volume like an ordinary 3 dimensional 
space, has finite volume. Taking the ratio of the 
number of degrees of freedom of the gauge theory 
and the volume of this 3-dimensional space, we 
find that the cut-off dependence goes away, and 
there is indeed one (up to a numerical factor) de- 
gree of freedom per Planck volume living on the 
boundary of ^d55[||. 

Another application of the Maldacena conjec- 
ture has been in the study of renormalization 
group (RG) flows in conformal field theories ||3^ 
|3^ ]. For example, we can perturb the A/" = 4 
superconformal field theory by adding some rele- 
vant perturbation. The resulting theory either 

• flows to a conformal field theory, or 

• fiows to a theory with a mass gap {e.g. a 
confining theory). 

On the supergravity side this perturbed theory 
should be described by a solution which in some 
region of space-time (UV) looks like AdS^, x 
background, but in another region (IR) differs 
from the AdS^ x geometry and represents the 
infra-red theory. The situation has been illus- 
trated in Fig.^. Thus the RG evolution parameter 
becomes a coordinate in space time. For all RG 
flows which can be described via the supergravity 
configurations of this type, the c-theorem (which 
states that the central charge of a conformal field 
theory decreases along the RG flow) follows nat- 
urally from general properties of the supergrav- 
ity equations of motion. This procedure has also 

*Note that if the boundary is an n-dimensional space, then 
the area refers to the n-volume of this space. 
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Space-time 
AdS^x K AdSgX 



* RG i 

Another flow N=4 SUSY 
Conformal SU(N) 
field theory 



Figure 6. Renormalization group flow and solu- 
tions of supergravity equations of motion. The 
upper part of the diagram shows the space-time 
picture of the supergravity solution. To the far 
right (the UV region) the space-time looks like a 
piece of AdSs x S^, whereas to the far left (IR re- 
gion) the space-time looks like a piece of AdSs x K 
for some manifold K. The lower part shows the 
interpretation of different regions of the super- 
gravity solution as quantum field theories. 



been used to describe RG flow to theories with 
mass gap and confinement, where in the infrared 
the theory does not fiow to a conformal field the- 
ory ||3^]. In these cases space-time at the far left 
end (representing infrared direction in RG flow) 
has a more complicated structure p6|]. 

3.3. D-branes and Non-commutative Field 
Theories 

The dynamics of a D-p-brane is described by 
an open string theory, which could be regarded 
as a (p -f l)-dimensional field theory with infinite 
number of fields. In the low energy limit only a 
finite number of massless fields survive whose dy- 
namics is described by a (p + l)-dimcnsional ef- 
fective quantum field theory. One of these fields 
is a U(l) gauge field. We can study this (p + 1)- 
dimensional field theory in the presence of con- 
stant background electric / magnetic field associ- 
ated to this U(l) gauge field. It turns out that 
if we switch on a constant background magnetic 
field, and take a suitable limit involving the string 
tension, the string coupling constant, the back- 



ground metric and the background magnetic field, 
then the dynamics of the D-brane in this limit 
is described by a non-commutative gauge the- 
ory ||3^-|4^]. The action for this non-commutative 
gauge theory is obtained by starting with the orig- 
inal low energy effective action that we had for 
zero magnetic field background, and then replac- 
ing all products of fields in the original action by 
the non-commutative product: 

A{x)B{x) A{x)*B{x) 

= eMQ^''d^dl)A{x)B{x')U^^, , 

(3.7) 

where Q'^'^ is an anti-symmetric matrix deter- 
mined in terms of the strength of the background 
magnetic field and other parameters. Thus one 
can use non-commutative field theory results to 
study D-branes in the presence of background 
magnetic field and vice-versa. 

One of the important results coming out of 
these studies is that the infrared and ultravio- 
let effects do not decouple in a non- commutative 
field theory]^. Thus physics at large distance 
can affect physics at short distance and vice 
versa. There have been suggestions that this is 
also a general property of string theory |^^. An- 
other important result is the discovery that non- 
commutative scalar field theories can contain sta- 
ble soliton solutions even if their commutative 
counterparts do not contain such solutions due to 
Derrick's theorem[^. 

3.4. Tachyon Condensation on Brane- 
Antibrane System 

As has been discussed earlier, type IIB string 
theory has stable Dp-branes for odd p. In partic- 
ular, p = 9 describes a space-filling 9-brane. This 
theory also has stable Dp-branes for odd p. These 
are Dp-branes with opposite orientation. It turns 
out that although Dp-branes and Dp-branes are 
individually stable, a system of coincident Dp- 
brane Dp-brane has tachyonic modes. These are 
scalar fields T with negative mass^. Thus such a 
system is classically unstable. 

The question that arises naturally is: Is there a 
stable minimum of the classical tachyon potential 
V{T)1 The conjectured answer to this question 
is as follows p5| : 

1. The minimum of V{T), T = Tq, describes 
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'nothing' where the original energy of the 
brane-antibrane system is exactly cancelled 
by ViTo) 

2. There are no perturbative open string exci- 
tations around this vacuum, but there are 
solitons. These solitons describe lower di- 
mensional D-branes. 

Evidence for these conjectures come from vari- 
ous sources (string field theory p6|-p2[, conformal 
field theory |53|j5^], non-commutative field the- 
Maldacena conjecture[^, Matrix 
|60f| etc.) There are several applications 



in subsection 3.3, a variation of this limit can also 




orygsm 
theory 
of these results 



• Describing all D-branes as solitons on 
space-filling branes gives a way to clas- 
sify all possible D-brane configurations in 
a string theory in terms of if-t/ieor7/[^j62j. 

• These results suggest that the open string 
theory on the space-filling brane anti-brane 
system may provide a non-perturbative for- 
mulation of string theory, since 

— it naturally contains all D-branes as 
solitons, and 

— there is also evidence that this theory 
contains closed string states p6| , |63| -|66|. 

From this viewpoint, the fundamental de- 
grees of freedom are open strings, and 
closed strings (including gravitons) and D- 
branes are composite objects. 

3.5. Special Limits of String Theory: 
String Theories without Gravity 

If we have a p-brane soliton, then the degrees 
of freedom on the soliton describe a quantum 
theory living in {p + I) dimensions. Typically 
these degrees of freedom interact with those liv- 
ing in the bulk, and we do not have a consis- 
tent quantum theory involving only the degrees 
of freedom living on the p-brane. But in certain 
special limits, the degrees of freedom in the bulk 
may decouple. In that case, we get a consistent 
(p + l)-dimensional quantum theory on the p- 
brane world-volume luithout gravity since gravity 
lives in the bulk. One such limit is the low energy 
limit in which we recover a quantum field theory 
living on the p-brane world-volume. As discussed 



give rise to non-commutative field theories. But 
there are other limits which give us full fledged 
string theory (or other quantum theories which 
cannot be described as quantum field theories) in 
(p + l)-dimensions without gravity. These theo- 
ries are expected to capture many of the impor- 
tant features of standard string theories, without 
being plagued by the conceptual problems which 
arise due to the presence of gravity. I shall give a 
few examples here. 

• LST (Little string theories): Besides con- 
taining the D-brane solitons, string theories 
also contain another kind of 5-brane soliton, 
known as the NS 5-brane. In the presence 
of a set of coincident NS 5-branes, we have a 
set of degrees of freedom localised on the 5- 
branes, describing the dynamics of these NS 
5-branes, and another set of degrees of free- 
dom living in the (9+1) dimensional bulk 
space-time. It turns out that in the limit 
of vanishing string coupling constant with 
the string tension remaining finite, the de- 
grees of freedom living on the NS 5-branes 
decouple from the degrees of freedom liv- 
ing in the bulk, and hence we get a consis- 
tent (5-1-1) dimensional string theory with- 
out gravity ||67|-|69[|. This theory and its var- 
ious cousins obtained via compactification 
are known as little string theories. 

• NCOS (Non-commutative open string) the- 
ory: In this case the starting point is a T>-p- 
brane in the presence of a non-zero constant 
electric field background. By taking an 
appropriate limit involving the string cou- 
pling constant, the string tension, the back- 
ground metric and the electric field strength 
on the D-p-brane one can decouple the bulk 
modes from the modes living on the D-p- 
brane[ [70|j7l| ]. The [p + 1) dimensional the- 
ory obtained this way has been called non- 
commutative open string theories, since the 
fundamental degrees of freedom in this the- 
ory are open strings, but the action involv- 
ing these open strings is related to the ac- 
tion of the usual open string theory by a 
replacement of all ordinary products by ap- 
propriate non-commutative products. 
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• OM (open membrane) theory: Like string 
theory, Af-theory also has solitonic branes. 
In particular, it has a 5-brane and a 2- 
brane soliton solutions. Among the degrees 
of freedom living on the 5-brane world- 
volume, there is a rank 2 anti-symmetric 
tensor gauge field. Its field strength is 
a totally anti-symmetric self-dual rank 3 
tensor in (5+1) dimensions. It turns out 
that starting from a configuration with 
constant non-vanishing field strength of 
this anti-symmetric tensor field, and taking 
an appropriate limit involving the Planck 
mass, the background metric and this field 
strength, one can decouple the bulk modes 
from the brane modes The resulting 
(5-1-1) dimensional quantum theory living 
on the 5-brane has been called the open 
membrane theory. As the name suggests, 
excitations in this theory include open 
membranes with their boundaries stuck to 
the 5-brane. 

• ODp (Open Dp-brane) theories: As in the 
case of little string theories, here the start- 
ing point is an NS 5-brane of type IIA string 
theory. But instead of putting it in triv- 
ial background space-time, we now switch 
on constant background values of some ap- 
propriate bulk fields (known as Ramond- 
Ramond (RR) gauge fields). By taking ap- 
propriate limits of the string tension, the 
string coupling constant, the background 
metric and the background value of the RR 
gauge fields, one can again decouple the 
theory in the bulk from the theory on the 
brane |72[. The result is a quantum theory 
on the 5-brane, known as open D-p-brane 
theories. The name originates from the fact 
that the excitations on the brane include 
open D-p-branes (the value of p depends on 
which particular RR gauge field is switched 
on) with their boundaries stuck on the 5- 
brane. 

3.6. Large Radius Compactification 

In conventional compactification of string the- 
ory leading to semi-realistic models, both gravity 
and gauge fields come from the closed string sec- 
tor. In this scheme, a direct upper bound on the 



3 -brane 



non-compact 
directions 



Compact 
directions 



Figure 7. Compactification with branes. 



size of the compact dimension comes from exper- 
imental verification of various force laws to small 
distance scales. Thus, for example, test of QED 
down to a distance scale of {TeV)~^ will mean 
that the size of the compact direction cannot be 
larger than {TeV)~^. Otherwise we would have 
to use higher dimensional QED for our computa- 
tion. 

Discovery that gauge fields can live on D-branes 
has given rise to new possibilities [[73|-[77t . Con- 
sider for example the scenario shown in Fig.^ 
where 6 of the directions are compactified on a 
manifold K, and there is a set of three branes 
with their world-volume directed along the non- 
compact directions, situated at a given point in 
the compact space. All gauge fields and known 
matter fields come from the world-volume the- 
ory on the three brane, and gravity comes from 
the closed strings living in the bulk. Thus here 
gauge fields are always (3-1-1) dimensional, irre- 
spective of the size of the compact dimensions. 
In this scenario, the only direct upper bound on 
the size of the compact dimension comes from the 
test of inverse square law for gravity at short dis- 
tance scale. This gives an upper bound of about 
a millimetre on the size of the compact dimen- 
sions. There are of course other indirect bounds 
which we shall not discuss here, but the fact re- 
mains that the size of these extra compact dimen- 
sions can be much larger than (TeV)~^, — the 
distance scale probed in the present accelerator 
experiments. 

Presence of large extra dimensions also changes 
the relation between four dimensional Planck 
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non-compact 
directions 



Compact 

directions 
3-brane 

with matter 

and gauge fields 



3-brane 
with graviton 



Figure 8. Illustration of the Randall-Sundrum 
scenario. 



ever is not the brane that we live on, but another 
brane (which we shall call the gravity brane) , sep- 
arated from us by a fairly large distance along 
the compact direction. Since the wave-function 
of the graviton falls olf exponentially away from 
the gravity 3-brane. it has a very small value on 
the matter 3-brane. This fact can be used to ex- 
plain why gravity couples so weakly to matter, 
i.e. why the effective Planck mass in our (3+1) 
dimensional world is so large. The advantage of 
the scenario is that due to the exponential fall off 
of the graviton wave-function away from the grav- 
ity brane, one can generate a large hierarchy be- 
tween the effective four dimensional Planck scale 
and the weak scale without having to make the 
actual separation between the gravity brane and 
our brane very large. 



scale and string scale. The new relation is of the 
form: 



M 



Planck 



ring 



^^string^compact i 



(3.8) 



where Mpia, 
Planck mass, 



denotes the four dimensional 



M. 



string 



denotes the square root of 



the string tension, and Vc 



compact 



denotes the vol- 



ume of the compact six dimensional manifold. 
(We have taken the string coupling to be of or- 
der 1). From this relation we see that if the size 
of the compact direction is much larger than the 
string scale, i.e. if M string{Vcom.pactY ^ ^ » 1, 
then M string << Mpianck- It has cven been sug- 
can be of the order of a TeV; 

)^/^ to be of order 



gested that M. 



string 



this requires M string (Vcompact 
10^ — 10^. This would resolve the usual hierarchy 
problem as to why Mstring is so large compared 
to the mass scale of weak interaction — in this 
scheme they are of the same order. However, it 
gives rise to a new hierarchy problem, — that of 
explaining why M string{VconipactY ^ is so large. 
Various ideas have been put forth, but there is 
no definite conclusion. 

A twist to this tale is provided by the Randall 
Sundrum scenario for string compactification|78 
[79| ] illustrated in Fig.||. In this scenario, the 
graviton that we observe in four dimension is not 
the usual ten dimensional bulk graviton carrying 
zero momentum in the compact direction, but a 
particular mode of the ten dimensional graviton 
which is localised on a brane. This brane how- 



4. Summary 

I shall end by summarising the main points 
once more. 

• String theory has had reasonable success in 
providing a consistent quantum theory of 
gravity. This includes: 

1. Finiteness of perturbation theory 

2. Partial resolution of the problems as- 
sociated with quantum mechanics of 
black holes 

3. Explicit realization of holographic 
principle in certain backgrounds 

• String theory also has the potential for pro- 
viding a unified theory of all interactions. 
In particular, it can give rise to 

1. Gauge group containing 5[/(3) x 
SU{2) X U{\) 

2. Chiral fcrmions 

3. Three generations of quarks and lep- 
tons 

4. N=l supersymmetry 

• It has also proved to be an internally con- 
sistent and beautiful theory. In particular, 
string duality provides 

1. Unification of all string theories. 
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2. Democracy between elementary and 
composite particles. 

3. Unification of classical and quantum 
effects. 

• Progress in string theory has also dramat- 
ically improved our understanding of vari- 
ous aspects of quantum field theories and 
other quantum theories based on extended 
objects. New relationship between quan- 
tum field theories and string theories have 
been discovered during the past few years. 

• The last few years have seen several at- 
tempts at giving a non-perturbative defini- 
tion of string/M(U) theory. It is still too 
early to say if any of them will give rise 
to a fruitful approach to the study of non- 
perturbative effects in string theory. 

• The brane world scenario has given rise to 
novel possibilities for string compactifica- 
tion. 

However, despite this enormous progress, 
string theory is still far from achieving its final 
goal, which is to provide a unified theory of all 
matter and their interactions. 
Acknowledgment: I wish to thank S. Rao for 
comments on the manuscript. 
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